Abstract Autism is a complex neurodevelopmental disorder, characterized by deficits in social emotional, and language domains, as well as repetitive restrictive behaviors. The vast heterogeneity of the clinical and behavioral symptoms has made it rather difficult to delineate the neural circuitry affiliated with these domains of dysfunction. The current review aims at broadly outlining the latest research into the neurobiology and neural circuitry underlying the core domains of deficits in autism. We further discuss new avenues of research that can further our understanding of the dimensions of this complex disorder.
Introduction
Autism is a complex and heterogeneous neurodevelopmental disorder with widely varied clinical characteristics and a multitude of possible etiologic features. A wide variety of neurobiological processes may fundamentally alter neural development in autism. This pervasive developmental disorder first manifests in early development and is characterized by deficits in three core domains: social interaction, communication or language use, and restricted or repetitive behaviors and interests. Social interaction deficits may be expressed through a variety of behaviors, including a lack of theory of mind, which is the ability to recognize that others have a point of view. Children may also resist touch and direct eye contact and often prefer to play alone rather than with others. Communication deficits include a lack of age-appropriate language development, with language use either underdeveloped or, in some cases, completely absent. When children with autism do develop language, it is often atypical and may include features such as a reliance on echolalia, or the repetition of words or phrases. In addition to social and communication difficulties, children with autism tend to exhibit a preference for sameness, which often manifests through a variety of restricted or repetitive behaviors or interests. Children with autism may react aversely to even small changes in routine and may engage in repetitive behaviors such as spinning, arm flapping, or arranging and rearranging objects or toy. Deficits in all three symptom domains are required for a diagnosis of autism, but individuals on the spectrum reflect varying degrees of abnormalities in each of the core functions. Given this complexity, investigators have recently referred to the broad array of deficits associated with these variations as ''the autisms.' ' The aim of this study is to present a novel way of studying ''the autisms,'' namely, by deconstructing and refining the autism phenotype and identifying intermediate brain phenotypes that might offer plausible neural substrates for the three domains of deficits. After a brief introduction, we will review electrophysiological and neuroimaging methods for exploring the neural circuitry associated with two of the core domains of deficits in autism, namely, the difficulties with social-emotional processing and the repetitive and restrictive behaviors. We will further indicate value of exploring interactions between these previously individually studied domains of deficit. We will then examine recent evidence of aberrant neural connectivity in autism. Finally, we will discuss new directions in studying the neurobiological underpinnings of autism through familial studies of high-risk individuals, and parents of children with autism expressing the broad autism phenotype (BAP) (Adolphs et al. 2008; Losh et al. 2009 ).
The Autisms: A Constellation of Complex and DomainClustered Deficits
Autism is a syndrome, not an etiologically defined disorder. The term autism spectrum disorder (ASD) encompasses a wide variability of clinical presentation, ranging from individuals who are extremely high-functioning to individuals who are severely affected. Furthermore, ASDs have been associated with numerous possible etiological features (genetic and environmental heterogeneity) and a broad clinical or syndromic heterogeneity.
While the etiology of autism is thought to be highly heterogeneous, it is known that genetics confer a significant risk for autism, with typical estimates ranging between 70 and 90%. Genetic mutations causing autism can be identified in about 10-20% of cases using current methods, many of which detect copy number variants (CNVs). Despite the genetic heterogeneity, a recent review of the literature reveals that a number of these mutations converge on a common neurodevelopmental pathway involved in neurogenesis, axon guidance, and synapse formation, all of which are critical for proper neural connectivity (Geschwind 2009) (Fig. 1) . Despite the recent advances in understanding the genetic factors that may be contributing to autism, the specific relationship between the etiologies, mechanisms, and the ensuing behavioral abnormalities remains unclear (Fig. 2) .
Consistent with a neurodevelopmental model of autism, the three core domains of deficits emerge early in childhood and become increasingly apparent as early development proceeds. Early markers for ASD are present and detectable by 12 months of age. Social and communication deficits may be evident as early as the second to third year of life. By the age of 4-5 years, restricted and repetitive behaviors increase. While one third of ASD individuals achieve some degree of independence, two-thirds will require supervision throughout their lives, bringing the average estimated cost of ASD to society to three million per person over a lifetime (Ganz 2007) .
While most studies on autism have focused on symptom clusters and phenomenology in young children, the Geschwind (2009) expression of autism changes over time. Early in development, in the preschool age range (2-3), the most prominent deficits seem to emerge in the domains of social communication. Around age 4-5, stereotopies increase, and seem to be followed by onset of seizures in a subgroup on children. The adolescent phase appears predominantly marked by inappropriate social-emotional responses and behaviors. In adulthood, approximately 1-2% of individuals with autism live independently, 1/3 with some degree of independence, and 2/3 requiring supervision.
Early diagnosis and intervention appear to be critical and are most effective during preschool years (Bryson et al. 2003; Patten and Watson 2010) . Unfortunately, there are a number of diagnostic issues that interfere with early detection. First, as mentioned above, autism is a highly heterogeneous disorder. Second, the neurobiological underpinnings remain poorly understood, and hence restrict the ability to generate reliable biomarkers. Finally, the current methods of diagnosis rely on behavioral observation and hence depend on the ability to detect subtle differences in complex behaviors that may not surface until later in development. As a result, many children are not diagnosed until they are 2-3 years of age, much later after first symptoms had appeared.
Deconstructing the Neural Circuitry of Autism: Electrophysiological and Neuroimaging Studies
Studies exploring the neural circuitry of autism have utilized various methodologies to gather converging evidence for the disruption of selective pathways and domains of information processing. Advances in the development of non-invasive methods enable the study of biological markers in individuals with autism from infants to adults, as well as first-degree family members.
Electrophysiological Studies of the Neural Circuitry of Autism
Currently, the most effective method of examining realtime changes with good temporal resolution in the brain is the examination of event-related potentials (ERPs), or voltage changes in the brain that are time-locked to a particular stimulus or response (Picton and Taylor 2007) . ERP studies may examine normal or abnormal neurodevelopment, both of which are valuable in the understanding of ASD because a strong knowledge of normal ERP signatures is critical in recognizing abnormal ones. For this reason, longitudinal studies of ''high-risk'' participants may be particularly effective.
Deficits in communication and language development lend themselves to investigation with ERP studies. Speech production and verbal communication necessitate the ability to distinguish and process minute changes in auditory stimuli, such as the difference between similar consonant sounds. Individuals with ASD often have difficulty in processing novelty (Courchesne et al. 1985) and also have greater difficulty in processing auditory or verbal information than visual information (Duncan et al. 2009 ). These challenges may account for the deficits in language production and communication seen in ASD. Therefore, studies that examine the components of auditory processing in ASD children may help us uncover the neurological nature of these language deficits.
Mismatch negativity (MMN), or the brain's response to rare changes in a series of repetitive auditory stimuli (Naatanen and Escera 2000) , provides an important avenue for investigating auditory processing in ASD individuals because it measures response to novelty. MMN is typically characterized as an unconscious component of the ERP that automatically detects differences between current stimuli and previously detected stimuli (Duncan et al. 2009 ). Findings of mismatch negativity paradigms suggest that ASD individuals have difficulty perceiving small changes in auditory stimuli, which may account for their subsequent language deficits. A number of studies (Gomot et al. 2002; Oram Cardy et al. 2005) found decreased MMN for vowel perception in ASD children compared to typically developing (TD) controls, and shortened MMN latencies to pitch change, respectively. However, other authors (Ferri et al. 2003) reported larger MMN for pitch-deviant tones in ASD children affected with mental retardation compared to TD controls, indicating a difference between the experience of MMN in ASD children and that of ASD children with mental retardation. Yet others (Ceponiene et al. 2003) have reported normal MMNs to simple tones in individuals with autism compared to age-matched controls, while others (Dunn et al. 2008) found smaller MMN amplitudes. These inconsistent findings most likely are due to heterogeneity of the subjects as well as paradigms used across studies.
While MMN is considered an early sensory change detection component, the P300, a large positive waveform occurring about 300 ms after the onset of a rare, taskrelevant stimulus is an accepted indicator of attention orienting and higher order processing. A variation of the P300 waveform, the P3a occurs in response to task-irrelevant stimuli and is typically slightly earlier in latency at around 250-300 ms after stimulus onset (Dunn et al. 2008) . When utilizing auditory target stimuli, ASD children's P300 s are generally smaller in amplitude and later in latency compared to typically developing children (Courchesne et al. 1989; Kemner et al. 1999; Oades et al. 1988 ) potentially indicating a delay in neural information transmission. Reports of enlarged P3as in young children with autism but smaller P3as in older children with autism (Ferri et al. Neurotox Res (2011) 20:201-214 203 2003) further support the observation that age effects contribute significantly to both normal and abnormal development. While the MMN and the P300 are used as indices for early and late attention orienting and target detection, other ERP components have been used to index the neural substrates of social cognitive and emotional processing in autism. For example, the ability to process faces is an important evolutionary mechanism that allows humans to interact optimally with their environment and respond appropriately. Because faces are salient cues that tell individuals about people they encounter in their environment and how to respond to those people, it is evolutionarily beneficial to distinguish between faces and objects, to recognize familiar faces as compared to unfamiliar faces, and to determine the emotional state of a particular face. This ability develops in early infancy and is frequently impaired in individuals with ASD (Dawson and Zanolli 2003) .
As in auditory information processing, face processing has been associated both with early evoked potential indices of sensory processing (N290, P100, and N170), as well as later cognitive categorization (e.g., P400). Typically developing individuals automatically distinguish faces from objects, generating N170 component specific to faces. They further generate N290 components specific to familiar faces, relative to unfamiliar faces. This ability to distinguish faces form objects, and familiar and unfamiliar faces, greatly increases success at social interaction and is often impaired in individuals with ASD. Adolescents and adults with autism show longer N170 latencies to faces than controls but respond to objects on par with controls. Adults with autism also show no difference in N170 when a face is inverted, whereas there is a clear ''face-inversion'' effect in TD participants . Studies have also reported that infants with genetically high risk for ASD show faster responses to objects than faces, comparable to low-risk controls, as measured through both the N290 latency and the P400 latency. These findings may reflect disruptions in the neural circuitry of facial processing. Low-risk infants showed asymmetry across hemispheres at P100, N290, and P400, but high-risk infants did not (McCleery et al. 2009 ). This lack of distinct responses to faces versus objects suggests an impaired ability to recognize faces as a special stimulus. Another study found that TD children show differences in the P300 waveforms in response to familiar, unfamiliar, and their own faces. However, children with autism do not (Gunji et al. 2009 ). While TD children exhibit differences in the P400 waveforms in response to their mother's faces versus an unfamiliar face, children with autism do not. However, children with autism respond identically to typically developing children when presented with a favorite toy versus an unfamiliar one (Dawson et al. 2002) . These studies suggest that children with autism have specific deficits related to distinguishing between familiar and unfamiliar faces, but these abilities do not differ from controls with respect to recognizing and responding to objects.
Determining the emotional constitution and salience of a face allows individuals to respond appropriately to social interaction, but evidence suggests that individuals with ASD have difficulty with this ability. One of the most salient indicators of emotional state besides facial expression is the direction of eye gaze, and children with autism have exhibited deficits in utilizing information from eye gaze. For example, TD children exhibited pronounced N170s when gaze direction was congruent with emotion (fearful/averted gaze, angry/direct gaze, etc.), but children with ASD did not, suggesting impairment in correlating type of gaze with emotional content of a face (Akechi et al. 2010) . One study found that children with autism ranging in age from 42 to 87 months had eye gaze patterns equivalent to that of 4-month-old infants, whereas TD children displayed eye gaze patterns equivalent to that seen in adults (Grice et al. 2005) .
In addition to difficulties utilizing eye gaze to infer the mental state of others, children with autism also exhibit a general decrease in ERP response to face detection, processing, and determination of emotional states such as fear, anger, or sadness (Wong et al. 2008) . Typically developing children show larger N300s in response to fearful than to neutral faces, while children with autism do not . A lack of distinction in neural response to emotional versus neutral faces could account for the difficulties in facial processing observed in autism.
Many ERP studies of facial processing in ASD yield inconsistent results. For example, many of the studies described above noted differences in ERPs in response to facial processing. However, another study (Webb et al. 2010) found that adults with autism perform poorly on facial recognition tests, but the waveforms associated with early facial processing and identification of faces are not significantly different from controls. Difficulty in researching ASD lies in the heterogeneity of abnormalities, but differences in IQ may underlie the known differences in ERP response. Children with autism scoring low on IQ tests exhibited longer P3a latencies and smaller P3b amplitudes, waveforms associated with novelty detection. However, children with autism scoring high on IQ tests performed similar to TD children (Salmond et al. 2007 ). This suggests that, at least on some measures, IQ may explain some of the heterogeneity observed in the ERP studies.
While current research has progressed significantly toward understanding the neurological components of social and auditory deficits in ASD, research has yet to uncover a reliable ERP signature for ASD. Further study is necessary to continue to define abnormal sensory processing in ASD.
Neuroimaging Studies of the Neural Circuitry of Autism
While electrophysiological studies enable the measure of neural responses with high temporal resolution, functional magnetic resonance imaging studies allow for the examination of neural networks associated with specific domains of processing deficits with great anatomical spatial resolution. Figure 3 depicts a schematic representation of brain regions that have been postulated to be involved in the mediation of the three core behaviors impaired in autism. For the purpose of this study, we will focus on regions implicated in the first two domains. Regions in red depict subnodes associated with repetitive restrictive behaviors, including the anterior cingulate, the dorsolateral prefrontal cortex, the caudate, and the dorsal striatum. We refer to these areas as the dorsal executive control system (DECS). Regions in blue highlight subnodes associated with socialaffective processing and include the amygdala-hippocampus complex, fusiform gyrus (FG), and orbitofrontal cortex, which form the ventral social-affective processing system (VSAPS). Areas in green represent subcortical nodes, such as the thalamus and basal ganglia that are heavily engaged by both processing systems.
Studies of Executive Functions, Restrictive/Repetitive Behaviors, and Dorsal Pathway Abnormalities in Autism
Regions in the frontal and parietal cortices, which make up the DECS network, are involved in a number of cognitive operations, including planning, working memory, impulse control, inhibition, and set-shifting. These cognitive domains are often referred to under the umbrella term of ''executive functions (EFs),'' which broadly refers to the set of processes that are employed when an individual is involved in a goal-directed activity. Damage to the frontal cortex, which is considered the ''seat'' of executive functioning, interrupts the ability of individuals to complete many goal-directed tasks and has been shown to result in the emergence of perseverative and repetitive behaviors, insistence for sameness, and impulsivity, all of which are clinical manifestations of ASDs (Hill 2004a, b; Ozonoff 1995; Russo et al. 2007; Schmitz et al. 2006) . The striking similarity between the behavioral profiles of individuals with autism and individuals with damage to the frontal lobes has led many researchers to investigate whether individuals with autism exhibit deficits on various tasks of EF. This research has shown that, similar to the clinical manifestation of autism, the profile of executive capabilities seen in individuals with autism is highly heterogeneous in that it is characterized by deficits on some measures of EF, such as cognitive flexibility, planning, and prepotent inhibition, and yet there are ''islets of ability'' in other measures including rote memory and interference inhibition (Eigsti and Shapiro 2003) .
While there is clear evidence that individuals with autism do exhibit deficits in some domains of EF, it is believed that these deficits are secondary to the disorder, meaning that they are not a cause of autism, but instead may be a consequence of having the disorder and as such the deficits develop over a course of time (Yerys et al. 2007) . While the executive deficits may not be a primary cause of the disorder, they have been shown to be linked to the restricted and repetitive behaviors that are a primary characteristic of autism (Lopez et al. 2005; Rinehart et al. 2002; South et al. 2007 ). In particular, it has been shown that impairments in inhibitory control and cognitive flexibility may be associated with the perseverative behaviors and obsessionality that is emblematic of autism (Schmitz et al. 2006) .
Several studies have set out to identify the neural circuitry associated with executive deficits to gain a better understanding of the neurobiological underpinnings of restricted and repetitive behaviors. For example, it has been reported that the cognitive inflexibility and perseverative behaviors especially prevalent in individuals with autism may be linked to a difficulty with disengaging from previous task demands after a paradigm shift. This has been shown to be related to an uncoupling of the inhibition network, composed of the cingulate gyri and the insula, from the frontal-parietal processes in individuals with high-functioning autism ). In addition, it has been shown that when cognitive set-shifting abilities Neurotox Res (2011) 20:201-214 205 are explored in individuals with autism, the autism group tends to make additional errors and has slower reaction times than the TD participants. This behavioral finding is coupled with hypoactivation in the executive circuitry of the individuals with autism, specifically in the dorsal lateral prefrontal cortex, anterior cingulate gyrus (ACG), intraparietal sulcus (IPS), thalamus, and basal ganglia. Moreover, correlational analyses reveal that the hypoactivation in the ACG and left IPS is significantly negatively correlated with the clinical manifestation of restricted and repetitive behaviors as measured in the autism diagnostic interview, revised (ADI-R) (Shafritz et al. 2008) (Fig. 4) . While studies of cognitive set-shifting suggest that the dorsal network of individuals with autism is hypoactive, studies investigating inhibitory control have reported hyperactivation of this network in autism as compared to TD participants. This hyperactivation is seen in the frontal cortex, insula, anterior cingulate, and the inferior parietal cortex. It is not yet known whether the increased activity in these brain regions is due to inefficient recruitment of the dorsal neural network, or whether it reflects compensatory changes associated with their reliance on alternative cognitive strategies to complete the tasks (Schmitz et al. 2006) .
In addition to alterations in focal regions within the dorsal network, recent research has demonstrated that there are circuit-level alterations in this system using functional connectivity analyses, which are measures of the level of synchronization between separate brain regions within a broader neural network. Utilizing this method, multiple studies have shown that there is decreased functional connectivity between frontal brain regions and areas in the parietal and temporal cortex in individuals with autism. For example, decreased functional connectivity between regions associated with language processing, specifically Broca's and Wernicke's areas, and regions associated with integration of information, such as the dorsal lateral prefrontal cortex, has been reported in individuals with autism (Just et al. 2004 ). Similar findings have been reported for the connectivity between frontal and parietal regions on a task of sentence imagery (Kana et al. 2006) , as well as on the Tower of London task, which is a task of EF ).
In summary, research suggests that the dorsal network in individuals with autism functions rather in a different manner than that of TD individuals. In addition, alterations in these frontal-parietal and frontal-striate systems appear to be associated with secondary deficits in EFs and have been linked to the restrictive and repetitive behaviors, insistence for sameness, and impulsivity that are characteristic of autism.
Studies of Social-Affective Processing Deficits and Ventral Pathway Abnormalities in Autism
Abnormalities in social-affective processing are a striking feature of autism. As previously described, children with autism have difficulty in identifying facial expressions of emotion (Adolphs et al. 2001; Pelphrey et al. 2002) , such as fear and anger. There is evidence that these difficulties are associated with differences in the way individuals with autism scan faces as compared with TD individuals. Individuals with autism have been reported to spend significantly shorter time looking at the eyes and longer time on a speaker's mouth or body (Klin et al. 2002a; Pelphrey et al. 2002) . Although the behavioral and cognitive characteristics of impaired social cognition have been extensively documented, very little is known about the neural basis of social perception dysfunction in autism. Key brain regions, involved in the aspects of social perception and cognition, including the amygdala (AMY), the FG, and the orbitofrontal cortex (OFC), have now been identified as critical components of the VSAPS in healthy controls and have been shown to be differentially activated in individuals with autism.
One of the primary nodes within the VSAPS network is the AMY, which plays a critical role in the detection of threat and mobilization of appropriate behavioral responses (Adolphs et al. 1994; Amaral and Corbett 2003; Breiter et al. 1996; Calder et al. 1996; Amaral 1999, Emery et al. 2001; Kling and Brothers 1992; Kluver and Bucy 1937; Morris et al. 1996; Rosvold et al. 1954; Whalen et al. 2001; Young et al. 1996) , and it is also critical for recognizing social emotions from faces (Adolphs 2010) . Recent post-mortem, structural, and functional imaging studies (Bauman and Kemper 1985; Pelphrey et al. 2004; Schumann et al. 2004 ) have suggested AMY dysfunction in autism, mostly reflecting reduced activation of the AMY (Baron-Cohen et al. 1997 , 1999  Critchley et al. 2000; Wang et al. 2004) In contrast, other studies have reported increased activation of the AMY in response to viewing facial photographs (Dalton et al. 2005b ) and have attributed this pattern to the heightened emotional response elicited by gaze fixation in autism. Although these studies provide evidence that the functioning of the AMY is abnormal in autism during social perception, its direction, magnitude, and meaning of the pathological findings remains unclear.
Neuropsychological studies reporting impairments in social and emotional judgments from faces in high-functioning individuals with autism (HFAs) and in their parents (Spezio et al. 2005) are remarkably similar to those of individuals with AMY lesions (Adolphs et al. 2001; Losh et al. 2009 ). New evidence has revealed a strong positive correlation between the level of AMY activity and gaze fixation upon the eye region in individuals with and without autism (Dalton et al. 2005b) . It is unclear, however, whether this correlation reflects a role for the AMY in directing the visual system to seek out and attend to the eyes as a socially important stimulus or, conversely, a contribution of abnormal scan-paths in autism and AMY lesion individuals Klin et al. 2002b; Pelphrey et al. 2002) .
Aberrant AMY function in response to emotional faces has recently been linked social anxiety in ASDs (Kleinhans et al. 2010a) . Recent studies investigated whether abnormal habituation characterizes AMY dysfunction in ASDs and whether the rate of AMY habituation is related to social impairment (Kleinhans et al. 2009 ). Measures of change over time in activation of the AMY and FG to neutral facial stimuli in adults with ASDs and healthy comparison adults revealed no group differences in overall fusiform habituation. In contrast, the comparison group evidenced significantly greater AMY habituation bilaterally than the autism spectrum group. In addition, lower levels of habituation of the AMY to the face stimuli in individuals with autism were associated with increasingly severe social impairment. These results suggest that AMY hyperarousal in ASDs in response to socially relevant stimuli may contribute to the social deficits observed in ASDs. Finally, evidence is also accumulating suggesting that the fusiform-amygdala system may play a critical role in the emergence of the pathophysiology of autism (Dziobek et al. 2010) .
Structural, morphologic, and cytoarchitectural abnormalities of the AMY in autism have also been reported. While some researchers showed a bilateral increase in AMY size (Howard et al. 2000; Hrdlicka et al. 2005; Sparks et al. 2002) , others reported reduced or normal AMY volume (Haznedar et al. 2000; Herbert et al. 2003; Rojas et al. 2004; Schumann et al. 2004 ). Recent findings (Hazlett et al. 2010) replicate the AMY enlargement observed in autistic subjects compared with controls, beyond that explained by total brain enlargement.
The FG is another region that is critically involved in social processing. Functional imaging and electrophysiological studies have documented the importance of the FG in processing social stimuli such as faces (Allison et al. 1994; Kanwisher et al. 1997; Kanwisher and Yovel 2006; McCarthy 1999; McCarthy et al. 1997; Puce et al. 1996 Puce et al. , 1999 and individual facial features such as the eyes (Haxby et al. 2000; McCarthy 1999) . Behavioral studies of autism have consistently demonstrated face-processing deficits (Hobson et al. 1988; Loveland et al. 1997; Schultz et al. 2000) , although the specific mechanisms underlying these deficits remain elusive. Although three studies have replicated findings of aberrant FG hypoactivation (Critchley et al. 2000; Hubl et al. 2003; Pierce et al. 2001 ), data in more recent studies indicate activation in the FG is strongly correlated with gaze fixation on the eyes (Dalton et al. 2005b ). This finding raised the possibility that abnormal scanpaths while viewing faces in autistic individuals (Dalton et al. 2005b; Klin et al. 2002b; Pelphrey et al. 2002) may account for the observed hypoactivation of both the FG and the AMY. Autonomic hyperactivity caused by dysregulation of affective processes in the AMY in response to salient social stimuli, such as eyes, may explain this aberrant AMY-FG interaction. Evidence from recent research supports autonomic hyperactivity in response to facial stimuli with direct eye gaze in autism (Kylliainen and Hietanen 2006) .
Recent studies have further supported the proposition of abnormal development along face-processing pathways in autism (Kleinhans et al. 2010b; Scherf et al. 2010) . Aberrant activation in cortical and subcortical regions involved in face processing have been reported, including the left AMY, bilateral FG, right pulvinar, and bilateral superior colliculi. Thus, while the basic rapid face-processing modules appear to be functional in ASD, individuals with ASD failed to engage the subcortical brain regions involved in face detection and automatic emotional face processing, suggesting a core mechanism for impaired socio-emotional processing in ASD. Thus, aberrant neurodevelopment along these pathways may contribute to early-emerging deficits in social orienting and attention, the putative precursors to abnormalities in social cognition and cortical face processing specialization (Kleinhans et al. 2010b) .
Anomalous functioning of a third VSAPS region, the OFC, has also been identified as a critical contributor to social and emotional cognition deficits in individuals with autism (Baron-Cohen et al. 1994 ). An early postmortem study reported cellular abnormalities not only in AMY but also in orbito-frontal regions (Hof et al. 1991) . Furthermore, bilateral damage to orbito-frontal regions also yields Neurotox Res (2011) 20:201-214 207 significant social cognitive impairments and deficits in judging the intentions of others (Stone et al. 1998) . A recent study postulated that impaired social cognition measures in HFA adults were associated with significantly reduced activation of orbito-frontal regions (Dalton et al. 2005b) , lending further support to the critical contribution of orbito-frontal limbic connections in the successful implementation of social-and emotional-cognitive processes (Ashwin et al. 2006; Dalton et al. 2005a; Morris et al. 1996) .
Interaction Between Executive/Social-Affective Processing in Autism
Though often studied separately, social-processing and EF are not isolated constructs in the natural environment. EF allows us to adapt our behavior and inhibit inappropriate responses within the context of an ever-changing social environment. As such, properly functioning EF processes are necessary for the development of socially appropriate behaviors (Jurado and Rosselli 2007) . Similarly, social awareness may contribute to EF abilities, implicating strong interconnections between the two DECS and VSAPS neural circuits. Several brain regions may be involved in mediating the interaction between EF and social processing (Fig. 5) . For example, the anterior cingulate cortex (ACC) may be an important brain region for the linkage of the ventral social cognitive network and the dorsal executive network possible related to their role in social orientation (Mundy 2003) . The ACC is likely involved in deciding what response is appropriate with respect to incoming stimuli. Further, it has been shown that ACC ablation results in decreased social interactions because of its role in regulating affective behaviors (Bachevalier and Loveland 2006) . The ACC is involved in emotional self-control, focused problem solving, error recognition, and cognitive flexibility. This is probably achieved through the widespread network between the ACC spindle cells and their ability to coordinate other brain regions (Allman et al. 2001 ). The dorsal ACC is involved in cognition, and the ventral ACC is involved in emotion (Allman et al. 2001) .
In addition to the ACC, the interconnections between the basolateral AMY and the OFC may be associated both with the modulation of behavior in response to changes in social situations and with the formation of a set of expectations concerning reinforcers that help one guide goaldirected behaviors (Bachevalier and Loveland 2006) . Information from the sensory association cortex is sent to the AMY, where its emotional significance is assessed. If the sensory information is deemed threatening (red pathway in Fig. 6 ), then projections from the posterior OFC activate inhibitory neurons in the intercalated masses of the AMY. These neurons then inhibit activation of the central nucleus of the AMY, disinhibiting the hypothalamus and beginning a cascade of responses including increased heart rate and respiration. If the sensory information is deemed non-threatening (green pathway in Fig. 6 ), then projections from the OFC that innervate directly into the central nucleus of the AMY activate the central nucleus, reinstating the inhibition of the hypothalamus and resulting in a return to homeostasis.
Recent fMRI research has examined the neural substrates of the interaction between EF and social cognition (SC) in individuals with ASD as compared to TD individuals (Fig. 7) . In this task, subjects identified the direction of a central arrow or gaze stimulus in the presence of flanker stimuli oriented in the same (''congruent'') or opposite (''incongruent'') direction (Dichter and Belger 2007) . Behaviorally, the TD group made more errors to incongruent as opposed to congruent arrows, but performed similarly with both congruent and incongruent gaze stimuli. In contrast, the HFA group made more overall errors that were unrelated to arrow congruency, suggesting that they did not benefit from using gaze instead of arrows as in Fig. 5 Schematic pathways of executive control (red) and socialaffective processing (green). Red-yellow arrows indicate interaction nodes Fig. 6 Sensory information from the sensory association cortex is sent to the amygdala, where its emotional significance is assessed. If the sensory information is deemed threatening (red pathway), projections from the posterior OFC activate GABAergic neurons. Derived from Barbas (2007) the TD group. Both the TD and HFA groups activated a similar EF neural network, composed of the middle frontal gyrus (MFG), inferior frontal cortex (IFC), intraparietal sulcus (IPS) and anterior cingulate gyrus (ACG), in response to incongruent versus congruent arrow stimuli. In TD individuals, the incongruent gaze stimuli activated the same neural network as the incongruent arrow trials; however, HFAs only activated the IPS. This, combined with the behavioral data, suggests that the presence of social stimuli may adversely impact cognitive flexibility and control in HFA (Dichter and Belger 2007) .
In a follow-up to the previous study, Dichter et al. (2009) investigated how socially relevant target stimuli were processed when presented alone. This latter study found that individuals with autism recruited the executive neural network to a greater extent than the TD group in response to both social and non-social target events (Fig. 8) . These findings contradict those from the previous study; however, it may suggest that the hypoactivity in the previous study was associated with the presence of distracting flanker stimuli more than with that of the task stimuli.
Beyond Localized Deficits: Abnormal Connectivity in Autism
More recently numerous studies have proposed that autism is primarily a disconnection syndrome, associated with aberrant connections between networks of brain regions as opposed to more focal deficits in particular regions.
In a model proposed by Geschwind and Levitt (2007) , the key disconnection has been proposed to involve several frontal lobe and temporal lobe multimodal higher-order association cortices (Fig. 9) . These may include frontotemporal, frontolimbic, frontoparietal, and interhemispheric connection. As such, disconnection between cortical areas in the autisms can be heterogeneous and is represented by reduced size (illustrated by thinner lines) of certain callosal tracts (red) and frontotemporal connections (yellow). Over-connectivity (illustrated by thick green lines, Fig. 9 ) between certain cortical areas might also lead to enhanced function in certain domains. At the level of local circuits (Fig. 9, insets) , the effects of disruption to long-range inputs can also be influenced by altered inhibitory input (blue broken lines, Fig. 9 ), which is essential for the proper maturation and stabilization of connectivity.
In support of the Geschwind and Levitt model, findings of aberrant limbic ventral fiber pathways in autism have been reported using diffusion tensor tracking studies. Conturo et al. (2008) reported abnormal microstructure in the individuals with autism in the hippocampo-fusiform and amygdalo-fusiform pathways, despite normal size and shape. Functional imaging studies have further provided evidence consistent with reduced functional and intrinsic connectivity in autism both during verbal processing (Just et al. 2004 ) and during executive processing . Neurotox Res (2011) 20:201-214 209 Recent studies have also drawn attention to the potentially critical role of the anterior insula in initiating dynamic switched between intrinsic connectivity states and task-dependent functional connectivity states. The anterior insula is proposed to play a critical role in a salience network. According to this model (Uddin et al. 2009 ), limbic and sensory inputs may be inadequately processed by the anterior insula during social cognition in autism, leading to disruption of the anterior insula's role in coordination of these large-scale brain networks (Fig. 10) .
In sum, there is a mounting body of evidence suggesting that autism is associated with altered functional and structural connectivity patterns, most of which pointing to a pattern of under-connectivity between frontal and parietal and frontal and temporolimbic regions. These findings have shifted thinking away from autism as a disorder of regional brain dysfunction to a model of autism as a large-scale neural network disorder.
Deconstructing the Autism Phenotype: Inherited Phenotypic Features in Autism: New Research Directions
Although research into the biological and genetic basis of autism is in its early days, twin and family studies have provided strong evidence that autism is a highly heritable disorder (Bailey et al. 1995; Folstein and Rosen-Sheidley 2001; Freitag 2007; Gupta and State 2007) . The first observation of inherited traits in children with autism and their parents were reported by Kanner (1943) , and further supported by observations by Kanner and Eisenberg (1957) . While Kanner's observations gave us the first clue to the heritability of autistic traits, twin studies and recent family studies have suggested that underlying genes that cause autism may also cause milder phenotypes. According to this proposition, the full autism syndrome may emerge if an individual has all the high-risk genes. In contrast, if an individual only has a subset of the genes, they may demonstrate some of the autism-associated deficits, such as poor social cognition.
The recent description of the BAP support the tenet that features of autism can be present in unaffected family members at varying degrees of severity (Losh et al. 2008a (Losh et al. , b, 2009 Losh and Piven 2007; Piven 2001 Piven , 2002 . Piven et al. (1997a, b) have conducted a systematic assessment of traits thought to be present in the BAP and have found that social aloof personality and rigid or perfectionistic personality are thought to parallel the social symptom as well as ritualistic and repetitive domains of autism, respectively. These traits did not appear when the BAP group was studied as a whole, but rather when the subjects were subdivided into the specific domain of deficits. In particular, parents of children with autism who had reliable evidence of the aloof personality (''BAP?'' Group) appeared to show affective and social cognitive blunting akin to the deficits observed in those domains in individuals with autism (Adolphs et al. 2008; Losh et al. 2009 ). A recent BAP study (Adolphs et al. 2008 ) examined face processing among three groups: parents of individuals with autism with the socially aloof personality (''BAP?''); parents of individuals with autism with a non-aloof personality (''BAP-''); and parents with a TD child (''Controls''). The results showed that the three groups differed in their face performance strategies. Both the BAP? and the BAP-groups showed less use of the eye region of the face matching compared to the control group. Moreover, the BAP? group showed more use of the mouth region of the face than the BAP-group whereas the BAP-group made more use of the eyes than did the BAP? group. These findings in parents of individuals with autism are consistent with the pattern of face processing (diminished use of the eye region and increased use of the mouth region) characteristic of individuals with autism.
Shared aberrant phenotype and neural circuitry associated with social and emotional processing have further been reported in studies examining pairs of adolescents with autism and their fathers. A recent fMRI study (Greimel et al. 2010) has explored the neural correlates of empathy in adolescents with autism and their fathers. Both adolescents with autism and their fathers showed abnormal Fig. 10 Representation of the role of the anterior insula in taskadaptive response generation. Reprinted with permission from Uddin et al. (2009) activation of the fusiform and AMY. The results of such studies may identify neurobiological endophenotypes of autism and provide future directions for genetic studies.
The observation of overlapping behavioral, emotional, and cognitive features between the parents with the BAP and individuals with the full autism spectrum further supports the role of genetics in the emergence of autism but mostly reflects the heritability of specific phenotypes. Indeed, vulnerability in specific neural pathways may disrupt the development of domain-specific functions, such as emotional, social, executive. or language operations, which can selectively alter the severity of the deficits in core domains associated with autism. Using this approach, studies exploring the neural circuitry of autism can benefit from converging evidence from studies of individuals with autism, as well as first-degree relatives of individuals with autism. Accordingly, these studies should focus on domains of dysfunction that can also be modeled in the BAP.
In summary, autism is a complex and heterogeneous syndrome with distinct endophenotypes. Both in autism and in the BAP, these endophenotypes are, at least in part, associated with altered affective/executive processing and abnormal interactions between ventral and dorsal pathways and critical neural nodes (OFC/AMY) along these pathways. Studies of the BAP may provide insights into neural components of the genetic liability to autism, and may provide tractable, quantitative phenotypes for genetic and neuroimaging studies.
